The emergence of force feedback haptic devices that can remotely interact with virtual environments presents a number of challenges to the underlying networks that have to support their interactions. One important issue concerns the characterisation of haptic traffic, particularly whenever multiple users remotely interact over a network such as the Internet. Previous research has characterised the traffic produced by single contact-point haptic devices when remotely interacting with a distributed haptic virtual environments (DHVEs). The research presented in this paper extends this work to consider the more complex traffic produced by haptic devices with multiple contact points, whenever interacting remotely with virtual environments. Such devices produce a rich mixture of different traffic streams that are interdependent but also characterised by the interactions of the individual users. The aim of the work presented here is to characterise the traffic generated by multi-point DHVE network connections. The approach taken develops an analytical model of DHVE traffic based on empirical measurements. Suitable probability distributions models are subsequently derived for each type of traffic. The results show that each traffic type exhibits either a Normal or a Weibull distribution. The results permit the development of a multi-contact point haptic traffic generator model which can then be used by simulation and analytical studies in order to examine how such interactive applications can be transmitted over different network situations and topologies.
INTRODUCTION
The future Internet will have to carry a wide range of applications, and many of these will incorporate new type of traffic. There has been recent interest in the transmission of multimodal information over the internet [7, 3] , and in particular the transmission of haptic information [12, 13] . Haptic environments are a relatively new subset of virtual reality, which are set to dramatically increase and improve upon the range of applications that can be supported in them. The provision of haptic feedback can profoundly improve the way humans interact with information and communicate ideas. Systems that support haptic interfaces conveying information IURP D YLUWXDO HQYLURQPHQW WR D XVHU ¶V ILQJHUV KDQG RU DUP DUH called haptic virtual environments (HVEs). In this context, haptic refers to the modality of touch and the sensation of shape and texture that an observer feels when exploring an object in a virtual environment.
Previous research [3, 12] has shown that to have a satisfying experience in interacting with a HVE, the graphics and haptic update rates need to be maintained at around 30Hz and 1 KHz respectively. HVEs can be standalone or distributed. In a standalone HVE, both the haptic virtual environment and the haptic device reside on, or are connected to the same machine. In distributed HVEs (DHVEs) the haptic device is separate from the virtual environment and remotely affects and manipulates it. In DHVEs, one or multiple users may interact with the virtual environment, and possibly with other users with haptic devices. Users may take turns in manipulating a virtual object as in Collaborative Environments or may simultaneously modify the same object as in, for example, Cooperative Environments [4] . The DHVE provides the feeling of tele-presence for a single user and the feeling of both tele-presence and co-presence for multiple users. A DHVE application involves remote haptic operations over network connections. Today most haptic applications are standalone systems. Nevertheless, it is clear that the ability to provide distributed haptic applications across a universally accessible medium such as the Internet will increase their profile to a much wider range of users, and effectively transmitting haptic data in Distributed Haptic Virtual Environments (DHVEs) is therefore a promising research area for a wide range of new applications [2] .
Haptic devices exist in different forms and can be classified according to the type of feedback they produce. There are two main types of haptic devices: force feedback and tactile feedback. )RUFHIHHGEDFNGHYLFHVXWLOLVHSHRSOH ¶VNLQDHVWKHWLFVHQVHZKLFK is the information picked up at their joints and tendons. Tactile IHHGEDFN GHYLFHV VWLPXODWH SHRSOH ¶V FXWDQHRXV VHQVH E\ deforming the skin, typically at the fingertips. There are more specific classifications within these two basic device types. The force feedback devices can be divided into groups according to Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. To copy otherwise, or republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. Figure 1a shows the 6 DoF PHANToM from SensAble Technologies Inc [11] . Most commercially available force feedback devices today provide a single point of contact, a notable exception being ,PPHUVRQ ¶V &\EHU*UDVS )LJXUH E which provides 5 haptic contact points [6] . In single contact-point haptic devices the user interacts with virtual objects using the stylus which provides the user with a single contact-point of forced feedback. On the other hand, the multi-point contact haptic devices (e.g the CyberGrasp system) provide multiple points of force feedback by using many individual actuators that are arranged as an exoskeleton system over a tracking glove. Interactions with virtual objects therefore involve tracking multiple points of contact, WHUPHG ³KDSWLF LQWHUIDFH SRLQWV´ (HIPs) as well as generation of the individual force and positions of the HIPs, and of the ensemble system. Previous studies into DHVE interactions have investigated the effect of network impairments on the sense of human perception during DHVE interactions [3, 12] while [13] characterized a single contact-point haptic traffic flow over an IP networks. The key objective of these existing studies was to examine the performance of a single contact-point haptic device over various network conditions. This paper presents an empirically derived model that can be used to characterize the traffic flows associated with multi-point contact haptic devices when interacting in DHVEs and transmitted over IP-networks..
The rest of the paper is organized as follow: Section 2 describes the architecture of the haptic device used along with a description of the experiment configuration, and the data collection techniques. Section 3 introduces the methodology used to characterize multi-point contact haptic traffic. Section 4 presents and discusses the results, and section 5 concludes the paper.
EXPERIMENTAL SETUP
A key element to characterising haptic traffic flows is the type of the haptic device which generates the traffic. Single contact-point devices allow the user to haptically render, and hence interact with the virtual environment, with only one HIP . These kind of devices normally generate a single stream of traffic that consists of positional (and optionally force) information. On the other hand, multiple contact point haptic devises are more complex haptic devices which provide the user with a fuller sense of touch. The architectures of these kind of devices consist of multiple internal and external components that describe the states of each HIP and of the overall system. Each component generates its own information stream in order to provide the user with a more complete sense of touch experience. Moreover, the experiment setup and network architecture have a direct effect on the traffic characterization process. The following subsections describe the haptic device, the experiment configuration and the data gathering techniques used in this study.
The Device
The force-feedback haptic device used in the experimental testbed is a CyberGrasp system (Figure 1b) . The CyberGrasp system is a multi-point contact haptic device by Immersion Corporation [6] . The CyberGrasp system consists of three components: CyberGlove, CyberGrasp actuators and position tracker. Figure 2 VKRZV WKH &\EHU*UDVS V\VWHP ¶V architecture. The CyberGlove component provides the host with the measurement of the joint angles of the fingers, hand, and wrist. In order to gather this information the CyberGlove components uses 22 sensors over the entire glove. This information is necessary for the host to display a graphical hand on the screen.
The second component of the CyberGrasp system is its actuators. The main responsibility of the CyberGrasp actuators is to provide force feedback to the user. The CyberGrasp ¶V actuators fasten on WKH EDFN RI WKH XVHU ¶V KDQG and consists of an exoskeliton arrangement of five actuators which provide individual force feedback to each finger.
In addition to the CyberGlove and the CyberGrasp actuators components, the position tracker is an important component of the CyberGrasp system. The position tracker of the CyberGrasp system is a 6 degree-of-freedom tracking system which can track WKHSRVLWLRQDQGRULHQWDWLRQRIWKHXVHU ¶VKDQGZLWKRXWUHVWULFWLRQV delay or lag. The position tracker consists of magnetic field transmitters and a sensor that can sense changes in the magnetic field to report position and orientation information.
These three component are connected to the CyberGrasp force unit. The CuberGrasp force unit manpiulates the data and sends/reciveds the information to/from the machine which hosts the virtual enviroment through the host link. 
The Experiment
As shown in Figure 3 , the experimental environment involves three machines which are connected over a local network.
Machine A is connected to the CyberGrasp using a serial link and acts as a server which gatheres and manpulates the information IURPWKH&\EHU*UDVSV\VWHP ¶VFRPSRQHQWV0DFKLQH%LVDFOLHQW and running the DHVE. Machine C monitors and captures the network traffic. In order avoid interference from other traffic sources, only haptic taffic is permitted on the test network. The DHVE consists of three objects, a virtual hand and two virtual spheres. The objective is to consider GLIIHUHQW NLQG RI REMHFW ¶V collisions which may occur at the virtual environment: (1) collisions between virtual hand and virtual object, (2) collisions between two virtual objects.
The experiment was performed with six different users. All users interacted with the same virtual environment under the same conditions. The users were asked to perform two main tasks in the experiment. The first task was to move one of the virtual objects from one place to another. The second task was to cause a collision between two virtual objects. 
Traffic Collection and Analysis
Packet trace capture and analysis is a well-known technique for characterizing the traffic of networked applications. Many existing studies such as [8, 9] have used this approach due to its ability to capture the behaviour of individual users. This study uses packet traces to model the multi-point haptic traffic. For this purpose, a packet monitoring tool called ³IP Traffic´ [14] , installed on machine C was used to capture the network traffic. The measured network parameters are throughput and packet delay. The captured traffic was then imported into statistical toolkits used to analyse the individual CyberGrasp component traces for each RI WKH XVHUV 0DW/DE ¶V stastical toolbox was then used to determine the most suitable probability distribution for each type of traffic. The methodology used to obtain this is described in the following section.
METHODOLOGY
The approach used to characterise each trace is based on [9] , which has been used to characterise the traffic flows caused by TCP connections over the Internet . The technique has two main stages. The first stage derives various probability distribution functions for each of the CyberGUDVS ¶V FRPSRQHQW traffic types. Normal, Lognormal, Gamma, Extreme value and Weibull probability distributions were considered. These distributions are then parameterized using one or more constants obtained by fitting the distributions to each trace. Additionally, in order to provide an accurate estimation of the distribution ELQ ¶VZLGWKWKH following equation used by Scott [10] was used to represent the data set. 
Where f is the cumulative distribution function of the specified distribution. The A-D test defines two hypothesis: 0 H :the data follows the specified distribution; A H : the data does not follow the specified distribution
In operation, a test statistic, 2 
A is compared with a critical value (D). If 2
A is greater than the critical value the hypothesis regarding the particular distribution form is rejected. The following section illustrates the results of the distribution fitting process for the different CyberGrasp system components.
EXPERIMENTAL RESULTS
As described in section 2.1, the CyberGrasp system has three traffic components. Each component establishes a TCP connection between the server (haptic device side) and the client (the DHVE host). Table 1 shows the packet size of each FRQQHFWLRQLQWKHFRQQHFWLRQ ¶VVLGH7DEOH 2, illustrates the mean inter-arrival packet time and the throughput of the haptic traffic for different users, respectively.
The CyberGrasp system synchronizes its individual traffic components by updating their statues at the same time, therfore it is to be expected that they will produce similar distributions. The results confirm that the inter-arrival packet time distributions of all of CyberGrasp ¶V WUDIILF components are similar to each other for individual user. Table 3 presents a summary of fitting process of the different distribution functions for different users. However in addition to the visual examination of the data set, the A-D goodness-of-fit is used to find the accuracy of the traffic model, table 4 shows the results of this test, and it can be observed that only the Weibull or Normal distributions pass the test for all users. As a result, the traffic of the CyberGrasp sysWHP ¶V FRPSRQHQWV FDQ EH PRGHOOHG XVLQJ WKH :HLEXOORU1RUPDOGLVWULEXWLRQ+RZHYHUWKHXVHU ¶VEHKDYLRXURI using the haptic device also has a major effect on the haptic traffic. Figure 6 shows the PDF of the CyberGrasp actuators component traffic estimated by the Weibull distributions. Figure 5 . PDF RI&\EHU*UDVS ¶VLQWHU-arrival time Table 3 and Figure 6 show that the WeiEXOO GLVWULEXWLRQ ¶V parameters have different values. It can be observed that these values vary between 11.739 to 15.922, and from 4.9851 to 6.6351 with mean of 13.4118 and 5.828 for .DQGUHVSHFWLYHO\ According to these results, the most important paremeters (the packet size and the packet inter-arrival time) have been characterised. Consequently a generator for simulating multi contact point haptic devices can be implemented. For each haptic device in the expermient the traffic generator should employ three TCP connections on the server side and three TCP connections on the client side. For each connection the packet inter-arrival times should follow Weibull or Normal distributions ZLWKWKHVSFLILFYDOXHVIRUWKHGLVWULEXWLRQ ¶Vparameters conducted Figure 6 . PDF RI&\EHU*UDVS ¶VLQWHU-arrival time for different users in this study. Morover, the packets size of each connection should follow the values given in Table 1 .
CONCLUSIONS
The key contribution of this paper is the development of an empirical model of the network traffic produced by haptic devices with multiple contact points. The model consists of a number of probability distributions for each component of the multiple contact haptic device. This achieved by analysing the traffic profiles obtained from a series of user tests involving haptic devices ,PPHUVLRQ ¶V&\EHU*UDVSinteracting with a distributed haptive virtual environment (DHVE) over an IP-based network. Table 1 shows the packet size of each multiple contact point haptic device components which needs to be used with the model.
The resultant model can be used to simulate the traffic generated by multiple haptic devices of this nature, and this in turn may be used to predict the network traffic load presented by these new types of devices and applications, as well as identifying the level of provisioning and support (for example in terms of quality of service (QoS)) that the network needs to provide for this class of multimodal traffic.
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